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In vitro pollen germination 164 In vitro pollen germinations were performed as described previously (Boavida and Generation of double nuclear marker line for in vitro pollen tube growth assay 176 pDM441, a binary vector harboring ProLAT52:NLS-Clover was generated as follows.
177
DNA fragment encoding mClover with A206K was amplified from a template plasmid 178 pPZP221 CloN (Takeuchi and Higashiyama, 2016) by a PCR using a primer set 179 pENTR_NLS_GFP (5'-CAC CAT GGC TCC AAA GAA GAA GAG AAA GGT CAT 180 GGT GAG CAA GGG CGA GGA G -3') and GFP_R (5'-CTT GTA CAG CTC GTC CAT 181 GCC G -3'). The PCR product was cloned into the pENTR/D-TOPO (Thermofisher) to 182 generate pOR003. LR recombination was performed between the pOR003 with a 183 modified pGWB501 (Nakagawa et al., 2007) harboring LAT52 promoter at the HindIII 184 site (Twell et al., 1990) to produce the pDM441. Agrobacterium GV3101 containing 185 the pDM441 or ProRPS5A:HISTONE 2B-tdTomato (Maruyama et al., 2013) were 186 independently cultured and subsequently used in simultaneous transformation by the 187 floral dip method (Clough and Bent, 1998) to generate double nuclear marker line 188 (ProRPS5A:H2B-tdTomato ProLAT52: NLS-Clover) . 189 190 Analysis of nuclear size and shape in pollen tubes in the microfluidic device 191 Pollen grains from the ProRPS5A:H2B-tdTomato ProLAT52:NLS-Clover double 192 nuclear marker line were suspended in an in vitro pollen tube growth medium (Muro et 193 al., 2018) without agarose and placed in a polydimethylsiloxane (PDMS) microfluidic 194 device on a glass slip (Matsunami). The PDMS microfluidic device with 10 µm-width of 195 micro channels was prepared as described previously (Yanagisawa et al., 2017) . 196 The device allows a pollen tube to elongate on a focal plane, resulting in easy imaging 197 analysis for hours. After 1h incubation at 22 ºC, fluorescence images of the nuclei 198 labeled with H2B-tdTomato and NLS-Clover in pollen tubes were obtained using a 199 confocal laser scanning microscope SP8 (Leica Microsystems). The images were 200 exported as TIFF files and processed using the Analyze Particles function of ImageJ.
201
A two-tailed homoscedastic Student's t test was performed using Microsoft Excel. The 202 circularity index was calculated using the equation 4A/P 2 (where A = area of nucleus 203 and P = perimeter of nucleus) and indicates how closely each nucleus corresponds to 204 a spherical shape (a perfect sphere has a circularity index of 1). Any deviation from a 205 circular shape (e.g., elongated, lobulated, or spindle shaped) causes the index to 206 decrease.
208
Clearing siliques 209 Fixation and clearing of siliques were performed as described previously (Chen et al., 210 2015) . Silique length was measured using ImageJ software.
212
Reciprocal crosses 213 F1 seeds from crosses between wild-type plants and kaku4-3 hetero mutants 214 (kaku4-3/+) were sown on MS medium containing kanamycin sulfate at 70 µg/ml.
215
After 1-2 weeks, the live plants (Kan R ) and dead plants (Kan S ) were counted and 216 subjected to chi-squared tests. 
Results

228
Remarkably high expression of KAKU4 in mature pollen grains 229 By analyzing the gene-expression database of A. thaliana (ATTED-II, http://atted.jp/), 230 we found that KAKU4, which encodes a putative nuclear lamina protein, is highly 231 expressed in mature pollen ( Fig. 1A) and that the high expression is specific to pollen 232 (Supplemental Fig. S1 ). Similarly, WIT1, which encodes an outer nuclear membrane 233 protein, is highly expressed in mature pollen ( Fig. 1A ) but it is also highly expressed in 234 seeds ( Supplementary Fig. S1 ). Expressions of WIT2 and WIP3, which encode other 235 nuclear membrane proteins, do not differ greatly among the tissues ( Fig. 1A and 236 Supplementary Fig. S1 ).
237
To visualize the activity of the KAKU4 promoter in mature pollen, we generated KAKU4 is highly abundant on the VN envelope and less abundant on the SCN 245 envelope in pollen grains 246 We examined the subcellular localization of the KAKU4 protein in mature pollen grains 247 with the fluorescent KAKU4 markers. To avoid overexpression of the transgenes, 248 KAKU4-tRFP and KAKU4-EYFP were expressed in the KAKU4-deficient mutant 249 alleles kaku4-2 and kaku4-3, respectively, under the control of the native promoter.
250
Fluorescence signals of KAKU4-tRFP were clearly detected at the VN of each pollen 251 grain ( Fig. 2A) . At a higher magnification, the fluorescence images showed that 252 KAKU4-tRFP was localized to the nuclear envelope of the VN that were stained with 253 Hoechst 33342 ( Fig. 2B , upper panels). With an increased imaging sensitivity, 254 KAKU4-tRFP was also detected on the envelope of two SCNs that were stained with 255 Hoechst 33342 ( Fig. 2B , lower panels, arrows). Similar results were obtained with 256 KAKU4-EYFP (see Fig. 3A ). The fluorescence levels of the SCNs were much lower 257 than those of the VNs (Fig. 2B and Fig. 3A ). Hence, KAKU4 is more densely 258 accumulated in the envelopes of the VNs than in the envelopes of the SCNs. elongating pollen tubes, the VN preceded the two SCNs ( Fig. 4 ).
291
To quantitatively analyze the migration order of the VNs and the SCNs, were VN-first type (Fig. 5B ). The proportions of VN-first type were markedly reduced 297 to 33-52% in three kaku4 mutant alleles ( Fig. 5B) , indicating that the control of the 298 migration order of the VN and the SCNs in pollen tubes was impaired in the kaku4 299 mutant alleles. 300 We next examined an effect of deficiency of the KAKU4-interacting protein 301 CRWN1 (Dittmer et al., 2007; Sakamoto and Takagi, 2013) on the migration order by 302 using two mutant alleles (crwn1-2 and kaku2) (Goto et al., 2014) . The proportions of 303 the VN-first type in these mutant alleles (77-87%) were slightly lower than those of the 304 wild type ( Fig. 5B ). Taken together, these results suggest that the nuclear lamina 305 candidate proteins KAKU4 and CRWN1 control the migration order of the VN and 306 SCNs in elongating pollen tubes, in which KAKU4 functions more predominantly than 307 CRWN1. 308 We next compared the nuclear shape and size in the elongating pollen tubes Fig. S2 ). On the contrary, compared with the 314 kaku4-3 VNs, the wild-type VNs were larger and highly invaginated ( Fig. 6A ). To 315 quantitatively evaluate the degree of nuclear deformation, we calculated a circularity 316 index (4πA/P 2 ; where A = area of nucleus and P = perimeter of nucleus). The VN 317 circularity index was much smaller for the wild-type than it was for kaku4-3 in both VN-318 and SCN-first-type pollen tubes (Fig. 6B, upper) . This result indicates that the 319 wild-type VNs are more deformed than the kaku4-3 VNs. In addition, the fluorescence 320 area of the VNs was larger in the wild-type VNs than in kaku4-3 (Fig. 6B, lower) . 321 Notably, the kaku4-3 VNs of VN-first-type pollen tubes were significantly smaller than 322 those of the SCN-first-type tubes, although the circularity indices of the VNs of both 323 types of pollen tubes were not significantly different (Fig. 6B ). This indicates that 324 having a small size makes it easier for the VNs to precede the sperm cells in 325 elongating pollen tubes.
327
Slightly decreased seed production and lower pollen competitive ability in kaku4
328
The preceding observations raised the question of whether the migration order of VN 329 and SCN has an effect on fertilization. To assess the effect of KAKU4 deficiency on 330 fertilization, we analyzed the seed numbers and the silique lengths in the wild type 331 and kaku4 mutant alleles (Fig. 7A ). The number of seeds per silique of the kaku4 332 mutant alleles kaku4-2 and kaku4-3 was moderately decreased to 82% and 87%, 333 respectively, as compared to that number of the wild type (Fig. 7B ). The silique was 1 334 mm shorter in the kaku4 mutants, than in wild-type plants (Fig. 7C ). These results 335 indicate that KAKU4 contributed to efficient seed production and proper fruit 336 development.
337
To test whether the seed reduction in kaku4 was paternally controlled, we 338 reciprocally crossed between wild-type plants and the heterozygous kaku4-3/+ mutant.
339
The KAKU4 mutant gene in kaku4-3 carries a kanamycin resistance gene insert. As 340 shown in Table 1 , when kaku4-3/+ was used as pollen donor to the wild type, the 341 number of kanamycin-resistant progeny was significantly smaller than expected, ). This implies that the initial positions of the VN and sperm cells when they move 354 from the pollen grain to the pollen tube is important for the VN precedent migration 355 over the two-sperm-cell unit that is surrounded by a membrane (Li et al., 2013; 356 Sprunck et al., 2014; Wudick et al., 2018) . In wild-type pollen tubes, the VN enters the 357 pollen tube earlier than sperm cells even though it is expected to be larger than the 358 two sperm cells combined (Mcconchie et al., 1987) . In this study, KAKU4 deficiency 359 causes the losses of 1) the irregularity in VN shape and 2) the control of migration 360 order of VN and sperm cells at the same time, suggesting that the VN deformation 361 ability is related to the migration order in the pollen tube. Our observations of wild-type 362 pollen grains showed that VN envelope was deeply invaginated inside the nucleus 363 and that VN shapes were elongated in the pollen tube. These features might allow the 364 VN to easily enter the pollen tube. Hence, we propose that a KAKU4-dependent ability 365 to elongate the VN shapes increases the probability that VN will enter the pollen tube 366 first, resulting in the VN precedent migration over sperm cells in pollen tubes.
367
Two studies have shown that depolymerization of microtubules can affect the 368 migration order of the VN and sperm cells (Astrom et al., 1995; Heslopharrison et al., 369 1988). In Galanthus nivalis pollen tubes, microtubule depolymerization with colchicine 370 caused a large increase in the "generative cell lead" (referred to as "SCN first" in this 371 study) (Heslopharrison et al., 1988) , and in Nicotiana tabacum pollen tubes, 372 microtubule depolymerization with oryzalin caused a decrease in pollen tubes 373 harboring VN and an increase in pollen tubes harboring generative cells (sperm cells) 374 ( Fig. 5 in Astrom et al., 1995) . The loss of two proteins essential for the recruitment of Non-spherical type, a pollen grain whose VN is irregularly shaped. Spherical type, a pollen grain of which VN is spherically shaped.
Figure legends
(C) Proportions of VN with non-spherical shape and VN with spherical shape each for wild-type pollen and kaku4 pollen. In total, 51 (wild type), 100 (kaku4-3), and 61 promoter. This image was taken after 3.5 h of incubation using the in-vitro pollen germination system. The pollen tube elongates toward the right of the panels.
Arrows indicate SCNs. DIC, differential interference contrast. Wild-type pollen tubes showed only VN-first-type positioning. The circularity index is defined as the equation 4πA/P 2 (where A = area of nucleus and P = perimeter of nucleus) and indicates how closely each nucleus corresponds to a spherical shape (a perfect sphere has a circularity index of 1). Any deviation from a circular shape (e.g., elongated, lobulated, or spindle shaped) causes the index to decrease. Means ± standard errors for n = 16 (wild type), 18 (kaku4-3 VN-first), or 16 (kaku4-3 SCN-first).
Asterisks indicate a significant difference (Student's t test, **P < 0.001, *P < 0.005). Intensities (absolute values) from some tissues (see the website for details) were extracted and the means ± SE are shown. The data for WIP1 and WIP2 were not available. See also Supplementary Fig.1 for the values from more tissues. Pollen grains were germinated on artificial medium at 22 °C. The pollen tubes were fixed and stained with Hoechst 33342 after 3 h (for wild type, kaku4-3, kaku4-4, and crwn1-2) or 3.5 h (for wild type*, kaku4-1 and kaku2) of incubation. The relative positions were categorized as VN-first type (VN is ahead of SCN), SCN-first type (SCNs are ahead of VN); and Together type (VN and SCN are close). In total, 55 (wild type), 50 (kaku4-3), 66 (kaku4-4), 31 (crwn1-2), 45 (wild type*), 18 (kaku4-1), and 26 (kaku2 [crwn1]) pollen tubes were tested. Wild type*, a transgenic plant expressing Nup50a-GFP (parental line of kaku4-1 and kaku2). (A) Representative fluorescence images of pollen tubes from the double nuclear marker line, in which the VNs were labeled with H2B-tdTomato (magenta) and NLS-Clover (green) and the SCNs were labeled with H2B-tdTomato (magenta). The pollen tubes were elongated in 10-µm-wide and 4-µmdepth channels of a polydimethylsiloxane microfluidic device and were analyzed after 1 h of incubation at 22 ºC. (B) Circularity indices and areas of the VN in the VN-first-type pollen tubes of the wild-type plants and in the VN-and SCN-first-type pollen tubes of kaku4-3 plants. Wild-type pollen tubes showed only VNfirst-type positioning. The circularity index is defined as the equation 4πA/P 2 (where A = area of nucleus and P = perimeter of nucleus) and indicates how closely each nucleus corresponds to a spherical shape (a perfect sphere has a circularity index of 1). Any deviation from a circular shape (e.g., elongated, lobulated, or spindle shaped) causes the index to decrease. Means ± standard errors for n = 16 (wild type), 18 (kaku4-3 VN-first), or 16 (kaku4-3 SCN-first). Asterisks indicate a significant difference (Student's t test, **P < 0.001, *P < 0.005). 
